Abstract Two new molecular MR imaging agents have been approved for clinical use within the last 3 years, and a third agent has completed phase 2 clinical trials. A wealth of preclinical data is also emerging on the general safety of many molecular MR imaging agents. In addition, since the guidelines to avoid nephrogenic systemic fibrosis (NSF) were adopted, at most institutions no new cases of NSF have been reported. Nevertheless, in the post-NSF environment, both those developing and those using molecular MR imaging agents need to be increasingly aware of safety issues. This awareness should begin with the design of the agent and, even in early preclinical studies, the demonstration of both safety and efficacy should be given high priority. In this review we discuss some of the issues relevant to the design of safe molecular MR imaging agents, and highlight the excellent safety profile of those agents that have been used clinically to date.
Introduction
Molecular MRI of the cardiovascular system is an established preclinical tool and an emerging clinical tool. The technical feasibility of molecular MRI is now beyond question and is widely accepted [1, 2] . However, this was not always the case. The birth of the field was greeted by some, who felt that molecular MRI would lack sensitivity, with a fair degree of skepticism. Over the last 10-15 years, however, those in the molecular MRI community have proved these skeptics wrong. The sensitivity, feasibility and value of molecular MRI have been demonstrated multiple times in the preclinical setting [1] [2] [3] [4] [5] 6 •, 7, 8] , and in the clinical setting [9] [10] [11] . Molecular MRI has been performed using a broad range of platforms and in a broad range of cardiovascular diseases, of which only a few can be covered in this review.
Despite this success, the potential of molecular MRI was once more called into question during the height of the nephrogenic systemic fibrosis (NSF) epidemic. It is now fair to say that the NSF storm has passed [12, 13•] . In fact not a single case has been recorded at our institution since the guidelines to avoid the use of gadolinium (Gd) chelates in those with renal disease were adopted [13•] . Nevertheless valuable lessons have been learnt and must be applied to the ongoing development of molecular MRI. Whether one believes that the policies of the regulatory agencies are excessive or not, the landscape for molecular MRI in 2012 is clearly more complex than it was in 2002. The molecular MRI community has thus moved beyond the mere demonstration of sensitivity and biological value. Studies on the bioeffects, toxicity and long-term elimination of many molecular MRI agents are now routinely reported in the academic literature. This review aims to highlight some of the issues relevant to the design of safe agents for molecular MRI of the cardiovascular system. The reader interested in a more general overview of molecular MRI in the cardiovascular system is referred to several extensive reviews on this topic [1, 2] .
Molecular MRI with Small Gd Chelates
Molecular MRI with small Gd chelates is highly appealing from a translational standpoint. The kinetics, biodistribution, toxicity and elimination of these chelates are very well understood, and many have been clinically used for over a decade. While the sensitivity of these chelates is limited to the micromolar range, the selection of highly expressed biological targets overcomes this limitation. This strategy has been used to successfully image fibrin [14] , collagen [5] , elastin [15•] , matrix metalloproteases [16] , and DNA [6•] . All of these targets are present in large amounts and can be targeted with small chemicals or peptides conjugated to the Gd chelate.
From a toxicological standpoint, it is important to determine whether the binding of the agent to its target exerts any bioeffects. This concept was very nicely demonstrated by work done with the fibrin-binding agent EP-2104. The binding of the agent to fibrin was shown not to change the stability of clots, the coagulation times of blood or the ability of fibrinolytics to dissolve clots. The agent was thus a pure diagnostic reporter and exerted no physiological effects. It is likewise likely that the Gd chelates targeting elastin and collagen have little impact on the structural integrity of elastin and collagen, but this has yet to be reported. The experience with EP-2104, however, nicely demonstrates that Gd chelates can be designed to bind to a target of interest at a well-selected site that does not change the activity or properties of the target [14] . This is an important issue in the case of small Gd chelates since the amount of ligand binding needed for detection is significantly higher than with other MR platforms and nuclear imaging.
Only a small fraction of the injected dose of an imaging agent is taken up by the target of interest. The vast majority of the injected agent remains unbound and subject to general elimination. Here a critical distinction must be drawn between the blood half-life of an agent and its elimination half-life. If the unbound agent is taken up rapidly in the kidney or liver, and subsequently retained in these tissues, it will have a short blood half-life but long elimination half-life. It is thus critical to measure the nonspecific uptake of these imaging agents in the liver, kidneys, spleen, fat and other organs. Retention of the unbound agent in these organs is likely to be far more consequential than the possible retention of extremely small amounts of bound agent at the target.
The most widely used technique to measure the elimination of Gd chelates is to measure the biodistribution of elemental Gd in the various organs using inductively coupled plasma-mass spectrometry. This has been used to measure the elimination of most clinically approved Gd chelates, the DNA-targeted chelate Gd-TO [6•], a dual MR/PET fibrin-binding chelate [17•] , and the elastin-targeted chelate Gd-ESMA [15•] . Gd-TO is a necrosis-specific agent that is unable to cross the normal cell membrane. Rupture of the cell membrane, however, allows the agent to access the cell and bind to the large amounts of DNA in the nucleus (Fig. 1) [6•] . However, 24 h after injection into mice with myocardial infarction, only 4 % of Gd-TO remained in the body (Table 1) , principally in the liver [6•] . While data at additional time points are needed, the 24-h data indicate that Gd-TO is well eliminated. Likewise, biodistribution studies have shown that Gd-ESMA accumulates in the target of interest (aortic elastin), but is otherwise well and rapidly cleared from the body (Fig. 2) 
Several additional strategies relevant to small Gd chelates merit discussion. The first involves controlled/reversible binding of the chelate to the target. This strategy is appealing in cases where the target is so highly and widely expressed that the potential exists for large amounts of the chelate to collect at the target site. A good example of this approach is the reversible binding of gadofosveset to serum albumin [18] [19] [20] . Irreversible (covalent) binding would result in massive retention of Gd in the intravascular space. Gadofosveset, however, has moderate reversible affinity for human serum albumin (K d =85 μM), and this results in an equilibrium of the albumin-bound and unbound fractions, with about 10-20 % unbound [18] [19] [20] . When the agent dissociates from albumin it is renally excreted, causing further dissociation of the bound fraction from albumin. A related approach involves the design of agents in which the chelate detaches from the ligand over time. This allows the detached chelate to be renally excreted and the ligand to be metabolized by peptidases or other degradative enzymes.
The ability of molecular MRI to detect probe activation in vivo is an appealing strength. Iron oxide particles have been extensively used for ex vivo and in vitro diagnostic applications. In vivo, the myeloperoxidase (MPO) activatable chelate Gd-MPO has been used to image peroxidase activity in the myocardium and arterial wall [21] . Activation of the probe by MPO radicalizes the tyrosine residues on the chelate causing the agent to form dimers and oligomers with higher longitudinal relaxivity. The activated probe can also bind to tyrosine residues on the surface of proteins but these bonds are rapidly cleaved by proteases. Exposure of cells in vitro to Gd-MPO did not affect their viability. The agent has also been shown to be more resistant to transmetalation than Gd-DTPA and has been shown to be >90 % eliminated within 6 h of injection [22] .
While further work is needed, a clear picture on the elimination and safety of targeted Gd chelates is emerging. Most of these agents are rapidly removed from the blood and efficiently excreted by the kidneys. Clinical experience with gadofosveset and EP-2104R has shown no acute bioeffects or signs of toxicity. Safety and elimination, however, will obviously need to be demonstrated on a case-by-case basis. Nevertheless, based on current data, it is not unreasonable to predict that with appropriate design targeted Gdchelates will have a similar risk profile to that of the currently used untargeted chelates.
Molecular MRI with Iron Oxide

Ferumoxides and Ferumoxtran
Iron oxide nanoparticles have been used extensively in clinical medicine and have an excellent safety record. These nanoparticles consist of a core of superparamagnetic iron oxide, which can be coated by a variety of substances such as starch, citrate, dextran and carboxymethyl dextran [23] . In this form, iron oxide nanoparticles are most frequently used to image tissue macrophage infiltration and inflammation [10, 24] . Three questions must be addressed when these agents are used to image macrophages: (1) Will the coating of the nanoparticle cause an acute allergic reaction during intravenous injection? (2) Will the material coating the nanoparticle prevent its breakdown? (3) Assuming complete breakdown of the nanoparticle, is there any danger of iron overload from the released iron?
The first generation of iron oxide nanoparticles included ferumoxides (Feridex; Advanced Magnetics, Lexington, MA) and ferucarbotran (Resovist; Schering, Berlin, Germany). These agents form polydisperse aggregates in solution, which are rapidly removed from the circulation by the Kupffer cells in the liver. Serial MRI of the liver revealed that the superparamagnetic crystal of Feridex is broken down into nonmagnetic forms of iron within 1-2 days [25] . The incorporation of 59 Fe, which has a radioactive decay half-life of over 40 days, into Feridex further showed that the degraded iron is released from the liver within 3-4 days and incorporated into the general iron pool in the body, where it is either excreted or used to make hemoglobin [25] . Thousands of patients have Monocytes, macrophages and reticuloendothelial cells in general have the intracellular machinery to degrade iron oxide nanoparticles. Identical pharmacokinetics and toxicity profiles cannot be assumed when cells other than these are loaded with iron oxide nanoparticles. The largest experience to date in this regard has involved the loading of mesenchymal stem cells with Feridex. Extensive work from several groups has shown that Feridex loading does not affect cell viability and the ability to differentiate into most cell types [27] . In addition, no signs of systemic toxicity were observed when the labeled cells were injected into small animal models [28] .
The second generation of iron oxide nanoparticles have thicker dextran coats than Feridex and thus remain monodisperse in solution. Ferumoxtran is the most studied agent in this class and has been used in numerous clinical studies to image lymph node metastases [29] , and carotid plaque inflammation [10] . Allergic reactions to ferumoxtran are rare, but to lower this adverse event rate even further, the agent is administered by slow infusion. The circulation half-life of ferumoxtran is long (24 h in humans), but it is ultimately taken up by monocytes and the cells in the reticuloendothelial system and metabolized much like Feridex. Repeat dosing may in theory increase the risk of allergic reactions slightly and obviously raises the question of iron overload. The experience in the ATHEROMA study, however, is very instructive in this regard. Patients in this study were treated with either 10 or 80 mg of atorvastatin, and carotid plaque inflammation was assessed after the injection of ferumoxtran at baseline, at week 6, and 12 weeks after the initiation of therapy [10] . The administration of three doses of the agent over a 3-month period was well tolerated without any adverse effects.
Ferumoxytol and Targeted Agents
Ferumoxytol (Advanced Magnetics) is a third generation iron oxide nanoparticle that is coated with carboxymethyl dextran. The incidence of allergic reactions to ferumoxytol is even lower than to ferumoxtran, allowing the agent to be given as a single intravenous bolus. The kinetics of ferumoxytol are similar to those of ferumoxtran but its blood half-life in humans is approximately 15 h.
Ferumoxytol is FDA-approved and was recently used in patients in the setting of acute myocardial infarction [30•] . Patients with recent ST elevation myocardial infarction were injected with the agent, which was used to image postinfarction myocardial inflammation (Fig. 3) . Serial T2*-weighted imaging was performed in the heart, and also in the liver and spleen [30•] . No adverse effects were seen from the administration of the agent.
Several other iron oxide constructs merit discussion. Both iron oxide microparticles and crosslinked iron oxide (CLIO) have been used to image VCAM-1 expression in small animal models [31, 32] . CLIO is highly analogous to ferumoxtran, but the dextran chains on its surface are crosslinked and aminated. This facilitates the attachment of targeting ligands such as peptides and small proteins to the nanoparticle. Although CLIO is highly analogous to ferumoxytol and ferumoxtran, its degradation and elimination have not been studied, and this agent is not being considered for clinical use. Recent work, however, has shown that the conjugation of targeting ligands to ferumoxytol is highly feasible [33] . VSOPs lack a carbohydrate coat and are electrostatically stabilized in solution with a citrate coating. These agents, which can be decorated with targeting moieties, have been administered to humans with mild but no serious adverse effects [34] . Further work will be needed to establish the feasibility of using these agents in the clinical setting more broadly.
Molecular MRI with Gd and 19 
F Nanoparticles
Sparsely expressed molecular targets cannot be detected with small Gd chelates. To increase sensitivity to these targets large amounts of Gd must be incorporated into a nanoparticle, whether a liposome, micelle or quantum dot. The use of liposomes offers two additional possibilitiesthey can be loaded with large amounts of a fluorinated material for 19 F MRI [35, 36] , and a therapeutic drug can be incorporated into their payload for local delivery [37•, 38] . Much like iron oxide nanoparticles, in the presence of tissue inflammation many of these constructs are taken up nonspecifically by infiltrating macrophages. In fact, a Gdloaded liposome was recently used to image the kinetics of macrophage infiltration into the myocardium in a small animal model of myocardial infarction [8] .
Gd-labeled liposomes can be decorated with ligands targeting fibrin, integrins and other surface receptors [38, 39] . Likewise, immunomicelles have been used to target oxidized LDL and the macrophage scavenger receptor [4, 7] . The pharmacokinetic and elimination issues with these constructs are more complex and will need to be extensively studied [40] . Encouraging data, however, are beginning to emerge. Histology of the liver and kidneys revealed no signs of toxicity in mice injected with a complex nanoemulsion [41] . It should also be noted that liposomal preparations of several medications, such as doxorubicin, are currently approved for clinical use and have an established safety record.
Liposomes can be loaded with fluorine-containing emulsions to enable their detection by 19 F MRI [35, 36] . This strategy has the advantage of high specificity, since there is no background 19 F signal in the body. This must be weighed against the lower sensitivity of these agents, which limits their ability to detect sparse molecular targets. 19 F MRI of liposomal nanoparticles, however, has been used with great success for cell tracking, imaging myocardial macrophage infiltration and for the evaluation of vascular permeability [35, 36, 42] . Many of these particles are highly similar to the fluorinated agents that have been clinically tested as blood substitutes [43] , and an Investigational New Drug (IND) application for the use of these liposomes as 19 F MR imaging agents has been approved [42] .
Theranostic Agents
The ideal diagnostic imaging agent should be completely inert and exert no bioeffects at all on the body. However, if a diagnostic imaging agent can be designed to exert a therapeutic bioeffect, then its lack of inertness become a positive feature and not a flaw. This is the concept behind the emerging field of theranostic imaging agents, which combine a diagnostic and therapeutic function. The emergence of theranostics has in many ways created a complete paradigm shift in imaging agent design. Rather than striving to develop the most inert and nonreactive agents, numerous groups are now exploiting the therapeutic opportunities of MRI-detectable nanoparticles.
Most theranostic agents at the present time consist of a liposome loaded with a therapeutic drug (fumagillin, prednisolone) and either Gd or 19 F [37•, 38] . These agents can be decorated with a ligand for specific targeting or rely on the nonspecific uptake of liposomes by macrophages. The breakdown of the liposome in the macrophage, or slow local release of the drug by diffusion, results in high local concentrations of the released drug. This has been shown to produce a robust antiinflammatory effect in models of atherosclerotic plaque (Fig. 4 ) [37•, 38] . The addition of Gd or 19 F in the agent allows the delivery of the liposome to the plaque to be imaged and its kinetics to be monitored.
The antiangiogenic agent fumagillin has been incorporated into liposomes targeted to the α V β 3 integrin receptor. The uptake of the agent in a tumor or atherosclerotic plaque reveals that high levels of angiogenesis are present. The local release of fumagillin at these sites exerts a strong antiangiogenic effect, which can be quantified by subsequent imaging with the integrin-targeted liposome (Fig. 4) [38] . High local concentrations of the therapeutic agent are produced at the target of interest, allowing far smaller doses of the drug to be given than would be required by systemic administration. This mitigates, to some degree, the potential of hepatic uptake of the liposomes to produce high concentrations of the drug in the liver. Further study of this issue, however, will be needed for all theranostic nanoparticles.
The release of a therapeutic moiety from an iron oxide nanoparticle is more complex, but these agents are also well suited to theranostic imaging. Moreover, in a recent application, the apoptosis-sensing nanoparticle AnxCLIOCy5.5 was used in a therapeutic capacity based on its ability to physically stabilize the cell membrane [44] . The uptake of AnxCLIO-Cy5.5 by apoptotic cells in vitro did not activate pathways deleterious to cell health on gene array analysis. No differences were seen between the viability, ATP content and reducing capacity of apoptotic cells exposed to the probe and those that were not. In addition, the exposure of apoptotic cells to the nanoparticle had a stabilizing effect on the cell membrane and In the DCE images signal intensity in the plaque is significantly higher before injection of the liposomes (a) compared to 1 week after their injection (b). c Likewise FDG uptake (arrows) in the plaque is significantly reduced after injection of liposomes. d Molecular MRI with Gd-loaded liposomes targeting the α V β 3 integrin [38] . The liposomes in the left column also contain the antiangiogenic agent fumagillin. Repeat injection 1 week after the initial injection shows a marked reduction in the uptake of the targeted liposomes only in those animals initially injected with the fumagillin-containing liposomes. Reproduced from references [37•, 38] with permission attenuated its rupture. Most importantly, the administration of AnxCLIO-Cy5.5 to mice with ischemia-reperfusion injury resulted in a reduction in infarct size [44] . This experience highlights the point that a theranostic agent can exert a protective effect via drug release, a physical/mechanical effect or via the modulation of cell signaling. Significant activity and progress can be expected in this burgeoning field over the next few years.
Conclusions
The molecular MRI armamentarium is continuing to grow. Likewise, the awareness in the molecular MRI community to gather biodistribution and elimination data on a new construct at the earliest stages of design and testing has also grown. This should be considered standard and be given high priority even in early preclinical studies. Encouragingly, the biodistribution and elimination data collected on numerous molecular MRI agents currently under development appears highly promising.
The financial cost of bringing a new imaging agent to market is poorly understood by many. It is true that preclinical toxicity studies with molecular MRI agents are more complex and expensive than those with radiolabeled probes. Likewise, it is true that the acquisition of an institutional IND to perform first-in-human studies at a single center is far easier to obtain for a radiolabeled agent than a molecular MRI agent. However, by far the major cost of bringing a new drug (including diagnostic drugs) to the point of FDA approval is the phase 3 study. This is no more expensive to perform with a molecular MRI agent than a radiolabeled one. Moreover, most molecular MRI agents can be synthesized on a large scale and have excellent stability with respect to storage. Unlike radiolabeled probes, which must be synthesized daily, once the manufacturing of the MRI probe is complete, no more synthesis is required. The absence of ionizing radiation is another appealing feature of molecular MRI, particularly in younger patients. Recent clinical and preclinical experience with molecular MRI agents has shown no concerning signs of toxicity. The NSF storm has passed and the issue of Gd elimination is now well understood. While ongoing vigilance is required, the outlook for molecular MRI of the cardiovascular system is as bright as ever.
